A single plasmid of 55 kilobases was found in crude cell lysates of each of nine strains of Rhodospirillum rubrum, Restriction endonuclease analysis showed identical fragment patterns with a given nuclease for all plasmids except one, for which an additional EcoRI site was observed. Elimination of the plasmid required that the cells be passaged several times in 25 mM calcium-containing medium, followed by at least two passages under photosynthetic growth conditions in lowcalcium medium before treatment with ethyl methanesulfonate. The resulting plasmidless mutants only grew aerobically and were all incapable of pigment formation and photosynthetic growth, suggesting that plasmid DNA is required for photosynthetic competence in R. rubrum.
A single plasmid of 55 kilobases was found in crude cell lysates of each of nine strains of Rhodospirillum rubrum, Restriction endonuclease analysis showed identical fragment patterns with a given nuclease for all plasmids except one, for which an additional EcoRI site was observed. Elimination of the plasmid required that the cells be passaged several times in 25 mM calcium-containing medium, followed by at least two passages under photosynthetic growth conditions in lowcalcium medium before treatment with ethyl methanesulfonate. The resulting plasmidless mutants only grew aerobically and were all incapable of pigment formation and photosynthetic growth, suggesting that plasmid DNA is required for photosynthetic competence in R. rubrum.
The occurrence of plasmids in various photosynthetic procaryotes has raised questions about their role in the cell, in particular their possible involvement in coding for proteins required for photosynthesis. Since the initial report by Suyama and Gibson (16) of satellite DNA in Chromatium sp. and Rhodopseudomonas sphaeroides, Gibson and Niederman (5) have determined that R. spaeroides NC1B 8327 has two covalently closed circular plasmids having masses in the range of 70 to 75 megadaltons. Saunders et al. (15) found that a second strain of R. sphaeroides (2.4.1) had three plasmids and estimated their masses to be 28, 66, and 75 megadaltons, whereas Rhodopseudomonas capsulata BH9 was shown by Hu and Marrs (8) to have two plasmids of 74 and 94 megadaltons. Although these members of the Rhodospirillaceae were shown to have two or more plasmids, the traditional functions associated with plasmids, such as bacteriocin production, drug and heavy metal resistance, and gene transfer functions, have not yet been linked to any of them.
The only published study dealing with an attempt to isolate plasmid DNA from Rhodospirillum rubrum yielded negative results, in that Suyama and Gibson (16) were unable to detect satellite DNA in CsCl density gradients. We report here the discovery of a single, highly conserved plasmid in R. rubrum, outline some of its major characteristics, and show that its presence is essential for photosynthetic growth.
MATERIALS AND METHODS
Bacterial strains and growth conditions. R. rubrum S1 was obtained from both H. Gest and D. I. Arnon; because the two strains proved not to be identical, they have been designated S1-G and Si-A, respectively. R. rubrum G-1980, a wild-type isolate, and G-9, a carotenoidless mutant originally isolated from strain S1 by J. Newton, were also obtained from H. Gest. Other wild-type R. rubrum strains, ATCC-11170, FR1, and S-4, were obtained from R. H. Burris, P. Weaver, and E. M. Carney, respectively. Mutant C and strain Gl were obtained from R. Uffen (7) were then added, and the incubation temperature was raised to 55°C; the cell suspension was held at this temperature for 10 to 15 min with intermittent swirling.
Centrifugation at 48,000 x g for 30 min resulted in a cleared lysate (ca. 150 ml) to which was added 50 ml of a 30% polyethylene glycol 6000 PEG solution containing 1.5 M NaCl. After standing overnight at 4°C, the extract was centrifuged at 1000 x g for 3 min, the supernatant was discarded, and the pellet (the plasmid DNA) was dissolved in 8.7 ml of TEN buffer (50 mM Tris, 5 mM EDTA, 50 mM NaCl [pH 8.0]). Solid CsCI (8.3 g) was added, and the mixture was incubated at 37°C for 20 min, during which time a reddish precipitate floated to the top of the mixture. After the floating precipitate was removed (using a separatory funnel), ethidium bromide (4 mg) and CsCl (refractive index adjusted to 1.390) were added to the cleared solution, which was then centrifuged at 42,000 rpm for 60 h at 20°C in a Beckman type 65 rotor. After the DNA bands were removed from the tube by syringe, ethidium bromide was removed (2), and 3 volumes of TEN buffer was added. The plasmid DNA was precipitated by the addition of 6 volumes of isopropanol and allowing the solution to stand at -20°C overnight (2). The DNA was removed by centrifugation (12,100 x g for 20 min at -10°C), air dried, dissolved in 0.1 ml of 10 mM Tris-4 mM EDTA (pH 8.0), and stored at -20°C. The concentration of purified R. rubrum plasmid DNA was estimated (2) to be about 10 ,ug ml-'.
Restriction endonuclease digestion and agarose gel electrophoresis. Purified plasmid DNA (0.1 Rg) was digested with 1 U of the appropriate restriction endonuclease for 3 h at 37°C according to the directions supplied by the manufacturer. Lambda DNA treated with HindIII (17) was used as a standard in determining fragment size. Slab gel electrophoresis was performed on 1% agarose as described by Meyers et al. (12) . Electrophoresis was performed at 30 mA and 125 V for 2.5 h or until the dye band reached the bottom of the gel (12 by 13 by 3 mm).
Plasmid curing. Elimination of the R. rubrum plasmid with ethyl methylsulfonate (EMS) required that the cells be preconditioned by growth in a highcalcium (25 mM) medium such as K medium, followed by photosynthetic growth in a low-calcium medium. After four or more transfers in K medium, the culture was transferred to low-Ca2" minimal medium (13) in screw-capped tubes and incubated in low light until growth and pigment development began (4 to 10 days).
The light was increased as the culture developed; when a turbidity of 150 to 250 Klett units was reached, it was transferred for a second passage in the light. After this culture developed, 0.1 ml of culture was diluted to 1 ml in 100 mM phosphate buffer containing 10 ,ul of EMS and incubated on a rotary shaker for 30 min at 32°C. The EMS-treated cells were then diluted into 50 ml of K medium and placed in a shaker flask for recovery. When the culture reached 150 to 250 Klett units, serial dilutions were made onto plates of K medium. Colonies that grew (many of which were orange in color) were transferred to a grid on the Ormerod et al. (13) medium supplemented with 0.3% yeast extract and 10 mM (NH4)2SO4. These isolates were then replica plated and incubated in an illuminated GasPak anaerobe chamber (BBL Microbiology Systems, Cockeysville, Md.) to test for photosynthetic growth (Psg). Isolates that did not grow (Psg-) were selected from the aerobic control plate, purified, and examined for plasmids by the rapid-screen method of Holmes and Quigley (7). RESULTS R. rubrum plasmids. Although plasmids had not originally been observed in R. rubrum (16) with other techniques, crude DNA was isolated from strain S1-G and reexamined for plasmid DNA by agarose gel electrophoresis. A single plasmid (pKY1) was found which comigrated with the 55-kilobase (kb) Pseudomonas aeruginosa plasmid RP4 (Fig. 1) . Gel electrophoresis of plasmid DNA from a number of other R. rubrum strains revealed that each had a single plasmid which comigrated with plasmid pKY1 of strain Sl-G (Fig. 2) . Not shown are R. rubrum "mutant C" and Gl (18) , which had plasmids of identical size. In several of the strains examined, the plasmid appeared on gels as a doublet (Fig.  2, lanes 1, 2, pared to those of RP4 (3), showed no s Because two isolates of the commonl rubrum S1 gave different drug phenot cultural characteristics (unpublished dz striction analysis was carried out or plasmid DNA from these two strains, d S1-G(pKY1) and S1-A(pKY2). Trea plasmids pKY1 and pKY2 with restrict nucleases HindlIl and SmaI (Fig. 3) Plasmids from other strains were also digested with these enzymes. The patterns which resulted from digesting these plasmids with EcoRI and HindIlI (Fig. 4) were the same as those obtained on digestion of pKY1 with these enzymes. A partial digestion of several of these plasmids resulted, however, with HindIll. The EcoRI R. rubrum digestion of an S1-G strain containing both the smid DNA native plasmid pKY1 and RP4 showed an extra e-ethidium high molecular weight fragment (top band), AscribKY2in which is RP4 with its single EcoRI cut (Fig. 4A Table 1 .
Plasmidless strains. To cure R. rubrum of its plasmid, the previous growth history of the culture proved to be important. This discovery imilarity. was made by a series of fortuitous observations, ly used R. which are discussed below. Only after several types and passages of the cells in a high-Ca2" precondiata), a re-tioning medium, followed by two passages in i purified low-Ca2+ medium under photosynthetic growth lesignated conditions, was EMS effective in eliminating the ttment of plasmid from these organisms (Table 2) . Follow--ion endo-ing this protocol, we observed that a high perLve identi-centage of the survivors that were able to grow nuclease in the dark aerobically were, however, incapable B81 of photosynthetic growth (Psg-). A rapid screen analysis of these Psg-mutants for plasmid DNA (7) showed that all were plasmidless and that the curing rate by this technique was between 83 and 90%. A random survey of the Psg+ cells showed that all contained the 55-kb plasmid pKY1. Hybridization analysis showed no plasmid sequence homology with the chromosomal DNA of the plasmidless (cured) strains (S. A. Kuhl and D. C. Yoch, manuscript in preparation), indicating that the plasmid had not simply been lost from the cytoplasm by incorporating into the chromosome.
When R. rubrum was grown aerobically in the dark instead of photosynthetically after preconditioning in high-Ca2+ medium, the rate of curing was much lower (2%). This low rate is significant, however, since we have never seen any cures in the controls or occurring spontaneously. DISCUSSION Previous studies (5, 8, 15) suggests the possibility that a single plasmid has been disseminated throughout the strains of R. rubrum, as has been suggested for Streptococcus mutans (10) . Evidence for a high degree of relatedness is provided by restriction enzyme analysis. Plasmids pKY1 and pKY2 are not identical, even though both are derived from the same strain (Si) of R. rubrum. However, since the EcoRI restriction patterns differ by only one restriction site, it appears that only a small degree of sequence divergence has occurred.
Finding the conditions necessary for efficient curing of R. rubrum and the accompanying loss of photosynthetic competence required a series offortuitous observations. The high CaCl2 levels and aerobic growth mode used in the initial curing experiments were used in previous (unsuccessful) experiments to develop a gene transfer system in R. rubrum. In one of the curing experiments, ethidium bromide treatment yielded five orange colonies (of 899 isolates), all of which were incapable of photosynthetic growth and subsequently proved to be plasmidless. An extensive analysis (Kuhl and Yoch, manuscript in preparation) showed these isolates to be R. rubrum. Because wild-type.colonies become red due to the full complement of carotenoids that are derepressed as the colony becomes anaerobic, the orange pigment of the mutants, which appeared to be a low concentration of spirilloxanthin, the major carotenoid of R. rubrum, was useful in selecting for cures. Extensive efforts to reproduce the curing phenomenon with ethidium bromide were unsuccessful until, in an unrelated series of experiments designed to isolate auxotrophs, we again noted the appearance of orange Psg-colonies in a culture that had been grown photosynthetically for a short time before the mutagen, in this case EMS, was added. These isolates all proved to be plasmidless and had a phenotype identical to the ethidium bromideinduced cures. About 10 to 15% of the total cells still had the pKY1 plasmid and the wild-type phenotype. In a detailed series of experiments (Table 2) , we found that both the initial highcalcium aerobic growth mode and subsequent photosynthetic growth in low-calcium Ormerod medium (13) supplemented with 0.3% yeast extract were necessary before R. rubrum could be cured by EMS treatment.
At this time curing of R. rubrum of its plasmid remains an empirical observation. Since we observe only about a 10% survival rate when cells are transferred from the high-calcium aerobic growth mode to photosynthetic conditions, some type of preselection (perhaps a membrane modification) may have occurred which makes these cells more susceptible to EMS mutagenesis.
No biological function has yet been ascribed to any known plasmid of the photosynthetic bacteria, but there is suggestive evidence, both from our work ( Table 2 ; Kuhl and Yoch, manuscript in preparation) and that of Saunders et al.
(15) that plasmid DNA is required for photosynthetic competence. This suggests (although does not prove) that genes essential to photosynthetic growth reside on the plasmid. In contrast, in R. capsulata, Marrs (11) has demonstrated linkage between DNA coding for all photosynthesis genes and known chromosomal genes such as trpA20 (tryptophan biosynthetic) and rifampin resistance, which suggests that in R. capsulata all photosynthesis geneS are coded by chromosomal DNA.
